developed to detect binding site motifs. Previous work showed that results reported by different motif finding tools from the same data set may vary significantly (1) . This is largely due to the fact that different tools adopt different strategies that may be tailored for different motif groups. It is generally advisable to use multiple tools on the same data set as motifs commonly reported by different tools are more likely to be biologically significant (1) . However, the results reported by multiple tools from the same data set need to be compared with each other in order to identify motifs detected by all of the tools, as well as those reported by some tools but not by others. Existing tools and methods described in the literature for finding motif similarity include STAMP (2), TOMTOM (3), MATLIGN (4), a method developed by Habib et al. (5) , CompariMotif (6) and a method developed by Xu et al. (7) , among a few others. These tools do not allow comparison of more than two motif data sets concurrently to extract common significant motifs. Instead, they only allow motif comparisons within a data set or between two data sets. In order to make motif comparisons in more than two data sets, pair-wise comparisons are performed first, and the results are then checked against each other manually, a lengthy and time-consuming process. Therefore, we developed a novel algorithm and implemented it as a web tool called MOTIFSIM to automate this process. A command-line version of the tool that runs in the stand-alone mode is also available for users to download. To the best of our knowledge, this is the first web tool that allows detection of similarity in multiple DNA motif data sets simultaneously.
Materials and methods
The motif representation format used in this study is the position-specific probability matrix (8) . MOTIFSIM adopts a matrix of l × 4 with l rows and 4 columns, where l represents the motif length and the 4 columns represent the A, C, G, and T nucleotides. Each entry in this matrix is the probability value of a nucleotide. The sum of the 4 values associated with nucleotides A, C, G, and T in each row must be 1. An illustration of a motif represented in the position-specific probability matrix is shown in Supplementary Figure S1 . MOTIFSIM converts motifs in various formats from different motif finding tools to position-specific probability matrices, calculates their reverse complements, and combines them into one list. The procedures for converting various motif input formats to position-specific probability matrices are described in the Supplementary Material.
To detect similarity between the tools' motif predictions, MOTIFSIM performs Currently, there are a number of motif detection tools available that possess unique functionality. These tools often report different motifs, and therefore use of multiple tools is generally advised since common motifs reported by multiple tools are more likely to be biologically significant. However, results produced by these different tools need to be compared and existing similarity detection tools only allow comparison between two data sets. Here, we describe a motif similarity detection tool (MOTIFSIM) possessing a web-based, user-friendly interface that is capable of detecting similarity from multiple DNA motif data sets concurrently. Results can either be viewed online or downloaded. Users may also download and run MOTIFSIM as a command-line tool in stand-alone mode. The web tool, along with its command-line version, user manuals, and source codes, are freely available at http://biogrid-head.engr.uconn.edu/motifsim/.
Reports

METHOD SUMMARY
To find similarity in multiple DNA motif datasets, researchers usually have to perform pair-wise comparisons by a motif similarity detection tool and then manually check the results from all of the pair-wise comparisons against each other. The MOTIFSIM web tool was designed to automate this process and provide bioinformatics researchers with a simple user-friendly and efficient tool for the analysis. The web tool is scalable as web traffic is balanced among multiple processors via a load balancer, and the computing module is multithreaded to allow efficient resource utilization. pair-wise comparisons on the entire motif list in matrix format. The pair-wise comparison is carried out by performing element-to-element comparisons for the entire overlapping window between two matrices. The maximum overlapping window can be the size of the matrix, while the minimum overlapping window is limited to four columns. The forward alignment begins at the first row on the top and progressively shifts downward, while the backward alignment begins at the last row at the bottom and progressively shifts upward. For each position in both forward and backward alignments including their reverse complements, a similarity score between two matrices is calculated using the element-to-element comparison approach.
Algorithm
Our novel algorithm comprises the following steps:
Combine motifs from multiple data sets with different formats into one list M.
In this step, motifs from n input data sets in different formats are converted to position-specific probability matrices and combined into one list M. Their reverse complements are also calculated for comparisons. 
can be found in the Supplementary Material.
(ii) Calculate the average of the differences for each overlapping window between two matrices.
The complement of this value is the similarity s (i,i+1) between two matrices The motif names are taken from the motif data sets, and the logo was generated by STAMP. The third column shows a best match in the UniProbe database (mouse) for a motif. The numbers in the last two columns indicate the number of tools reporting the same motif both in MOTIFSIM comparison and in STAMP comparison. The tools' names are also included.
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at that overlapping window. s (i,i+1) is calculated as follows:
where l is the number of elements in the overlapping window. A higher value of s (i,i+1) indicates more similarity between two matrices at that overlapping window.
(iii) Apply similarity filter on s (i,i+1) using the similarity cutoff t selected by the user.
All s (i,i+1) values falling below this threshold are filtered out.
(iv) Calculate the distance Ds (i,i+1) between s (i,i+1) and the maximum of (
A smaller Ds (i,i+1) indicates higher similarity between two matrices.
(v) Calculate the distance Do (i,i+1) between overlap window o (i,i+1) and the maximum overlapping window of (
A smaller Do (i,i+1) indicates a longer overlap between two matrices.
(vi) The similarity score Sim (i,i+1) between two matrices is the average of Ds (i,i+1) and Do (i,i+1) . A smaller Sim (i,i+1) indicates higher similarity between two matrices.
Steps 3.iv-3.vi) above balance out the scores s (i,i+1) for long overlapping windows and short overlapping windows between two matrices by taking the average of Ds (i,i+1) and Do (i,i+1) to derive the similarity score Sim (i,i+1) .
Identify and report top k global significant motifs (k best matches) based on similarity score Sim
The global significant motifs are those reported by multiple tools. They are identified by comparing motifs in a data set with motifs in other data sets. To select the top k global significant motifs, the similarity scores Sim (i,i+1) between every pair of motifs in M are sorted in ascending order. The top k motifs with their k best matches in ascending order are selected using a similarity cutoff.
Identify and report k global and local significant motifs (k global and local best matches) based on similarity score
The sorted list above is also used for selecting the k global and local significant motifs, which are identified by comparing motifs locally in the same data set as well as with other motifs in other data sets. The top k motifs with their k best matches in ascending order are selected using a similarity threshold for top k global and local significant motifs.
6. Identify and report k best matches for each motif in M using similarity score
The best matches for each motif are identified by comparing each motif against other motifs in M. The motifs are reported in the order they are entered and combined in M. The top k best matches in ascending order for each motif are selected using a similarity cutoff.
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Implementation
The front-end of our web tool was implemented in HTML and JavaScript. The back-end was implemented in PHP, SQL, and C++ with OpenMP for the purpose of multithreading. We used MySQL server for the back-end database to keep track of registered users. The web tool was deployed on a Linux cluster ser ver with load balancing. Web traffic is directed to different Apache web servers on the cluster through the HAProxy (High Availabilit y Prox y) load balancer (HAProxy -The Reliable, High Performance TCP/HT TP Load Balancer; available at http://www.haproxy.org). Supplementary Figure S2 shows the network architecture of the MOTIFSIM web tool. HAProxy is a fast, reliable, high performance, and open source TCP/ HTTP load balancer. We use HAProxy's Round Robin load balancing algorithm for alternating web traffic to different nodes. HAProxy also performs health checks periodically via TCP connections to back-end node s before forwarding the traffic. If a node fails the health check, web traffic is not forwarded to this node until it becomes healthy again.
Results and discussion
Usage
Motif data sets generated by various motif detection tools are fed into MOTIFSIM for comparison. The web tool can be used with or without user registration. Registered users can store the data sets and results on the web site for an extended period. Users can also upload data sets or use existing data sets for similarity detection. Currently, the web tool allows comparing up to ten motif data sets simultaneously.
Input Formats
The web tool accepts various input formats, including TRANSFAC (9), The motif names are from the motif data sets, and the logo was generated by STAMP. The third column shows best match in the UniProbe database (mouse) for a motif. The numbers in the last two columns indicate the number of tools reporting the same motif both in MOTIFSIM comparison and in STAMP comparison. The tools' names are also included.
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TRANSFAC-like (2), Position-Specific Scoring Matrix (PSSM), Jaspar (10), MEME's output (11), conse nsus sequence (2), sequence alignment (2), and matrices in horizontal or vertical formats. Details and examples of each input format are described in the user manual available from the web site.
Input Parameters
The web tool requires specifying the file type in use (uploaded by users, or existing files), number of input files, file format, number of best matches, and similarity cutoff in percentage. Further details of each input parameter can be found in the user manual.
Outputs
The web tool generates the results in two text files, where one includes motif details as position-specific probability matrices and the other does not. Each result file has Input and Results sections. The Input section contains input parameters and properties of each data set. The Results section includes three subsections for reporting global significant motifs, global and local significant motifs, and best matches for each motif, respectively. Details of the output file are also described in the user manual. The results can be viewed directly from the browser or can be downloaded for off-line use. Figure 1 shows the MOTIFSIM web inter face where users can upload or use existing input files to run the tool. The figure shows an example comparison of five existing motif files: MEME_DM230.txt in MEME output format, DREME_DM230.txt in MEME output format, PScanChIP_DM230.txt in Jaspar format, RSAT_peak-motifs_ DM230.txt in TRANSFAC-like format, and W-ChIPMotifs_DM230.txt in PSSM format (1) . These files were generated by the MEME (11), DREME (12), PScanChIP (13), RSAT peak-motifs (14) , and W-ChIPMotifs (15) motif detection tools, respectively, for the same ChIP-Seq data set, DM230, listed in Supple- Table 3 . Comparison of global significant motifs identified by MOTIFSIM with motif results reported by STAMP for ChIP-Seq data set DM721.
Motif name
Motif's logo UniProbe database (mouse) match
MOTIFSIM (number of tools and the tools' names) STAMP (number of tools and the tools' names)
Motif 18 Gm397_secondary 3 DREME MEME-CHIP RSAT_peak-motifs 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs ZEB1 ZEB1 3 DREME PScanChIP RSAT_peak-motifs 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs Motif 7 Sox12_secondary 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs 3 DREME MEME-CHIP RSAT_peak-motifs Motif 21 Sox15_secondary 3 DREME MEME-CHIP RSAT_peak-motifs 3 DREME MEME-CHIP RSAT_peak-motifs Motif 4 Sp4_primary 3 DREME PScanChIP RSAT_peak-motifs 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs Motif 2 Sox7_secondary 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs
Motif 20 Eomes_secondary 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs ArntAhr ArntAhr 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs Motif 13 Irf3_secondary 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs Motif 14 Gm397_secondary 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs 4 DREME MEME-CHIP PScanChIP RSAT_peak-motifs
The motif names are from the motif data sets, and the logo was generated by STAMP. The third column shows a best match in UniProbe database (mouse) for a motif. The numbers in the last two columns indicate the number of tools reporting the same motif both in MOTIFSIM comparison and in STAMP comparison. The tools' names are also included.
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Case Studies
We evaluated MOTIFSIM on several motif data sets generated by MEME, DREME, PScanChIP, RSAT peak-motifs, and W-ChIPMotifs for each ChIP-Seq data set in Supplementary Table S1 .
The motif data sets reported by different tools for the ChIP-Seq data set used in each case study can be found in Supplementary Table S2 . In each case study, we compared the global significant motifs identified by MOTIFSIM with the motif results generated by STAMP (2), using pair-wise comparison on each pair of motif data sets. The advantage of using STAMP is that it accepts motif data sets from various formats. However, STAMP can only compare two data sets at a time.
Case Study 1: ChIP-Seq Data set DM230 for Pol II (RNA polymerase II)
We compared five motif data sets generated by five different tools in Supplementary Table S2 for the ChIP-Seq data set DM230 using MOTIFSIM. We selected the 10 best matches and used 75% for the similarity cutoff in this experiment. STAMP was used to perform pair-wise comparisons on these 5 motif data sets with the filters for E-value set to be ≤0.05 and the number of best matches set at 10. For each global significant motif found by MOTIFSIM, we performed a manual lookup to find which tool reported it using the results from pair-wise comparisons. Table 2 show an 85% match between MOTIFSIM and STAMP.
Case Study 3: ChIP-Seq Data set DM721 for H3K27ac (H3 lysine 27 acetylation)
We repeated the procedure described in Case Study 1 for four motif data sets
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detected for the ChIP-Seq data set DM721. The comparison results can be found in Table 3 , which shows a 90% match between MOTIFSIM and STAMP. Using multiple tools for finding motifs has the advantage for discovering motifs that a single tool may miss. In addition, motifs reported by multiple tools are more likely to be biologically significant. However, in the past there was no tool for identifying these motifs automatically. With MOTIFSIM, these motifs now can be easily identified automatically as global significant motifs. The results in the case studies above show MOTIFSIM is efficient for identifying common significant motifs in multiple data sets. Moreover, MOTIFSIM is able to identify similar significant motifs within a data set as well as in other data sets and report them as global and local significant motifs. MOTIFSIM also further identifies best matches in the combined list for every motif in every data set. Future development of the web tool includes the employment of a cloud computing platform to provide even more powerful computing services for larger motif data generated using next-generation sequencing (NGS) technology and additional storage space for storing uploaded data sets and the results.
The MOTIFSIM web tool is simple and easy to use. Without MOTIFSIM, finding similarity in multiple DNA motif data sets is a time-consuming process that requires pair-wise comparisons by a motif similarity detection tool such as STAMP. Results from all of the pair-wise comparisons then need to be manually checked against each other. Our web tool was designed to automate this process and provide bioinformatics researchers with a user-friendly and efficient tool for the analysis. Moreover, the web tool is scalable as web traffic is balanced via the HAProxy load balancer and the compute kernel is multithreaded to allow efficient resource utilization.
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